I. Introduction
UEL Cells (FCs) are a growing application area for Unamanned Aerial Vehicles (UAVs) because of their high energy densities in excess of 800 Wh/kg. as compared with advanced battery energy densities of 150Wh/kg [1] . Several fuel cell powered aircraft have recently been built by researchers in the US and Europe and Asia, proving the near-term viability of aircraft powered by this new technology [1] [2] [3] [4] . Among these one of the most notable is the 26 hr flight recently completed by the Naval Research Labs Ion Tiger [4] . Despite these successful demonstrations, little data is publically available regarding the detailed design, performance, and fuel cell systems of these aircraft.
The Colorado State University Department of Mechanical Engineering designed and constructed a Polymer Electrolyte Membrane (PEM) FC powered unmanned aerial vehicle in 2009. Initial flight and laboratory testing of the aircraft and powerplant was completed in 2009 into 2010. In Figure 1 the FC powered demonstrator aircraft is seen during preliminary flight testing. The demonstrator aircraft is of a size and scale similar to many conventionally powered small UAVs. This allows the fundamental architecture and design methods for the demonstrator aircraft to be applied to a wide range of fuel cell UAVs.
This paper presents an overview of the conceptual design and optimization work that was performed, and the construction of the components and system architecture of the aircraft and powerplant. Flight test results are pending and will be used to characterize the aircraft with respect to the optimization work performed as well as previous design configurations and to determine means for further improvement. Concluding remarks summarize the design process, challenges faced and future improvements and continuation of this research.
II. Conceptual Design
This aircraft is the continuation of development work based on a conceptual design optimization study in [1] , which decomposed the entire FC aircraft design space into multiple inter-related contributing analyses (CAs) [1] as shown in Figure 2 . The original primary CAs included: Aerodynamic Simulation, Propeller/Fuel Cell/Motor Analysis, Weights Tabulation and Calculation, Performance Analysis, and Hydrogen Storage, as seen in figure 2 [1] . This Multi-Disciplinary Analysis (MDA) was created and run in MATLAB© with recent refining optimizations performed in ModelCenter© using the base MATLAB CAs. The Design Space was limited to weight and components available within the radio controlled (RC) aircraft class as set forth by the Academy of Model Aeronautics (AMA) to allow for ready implementation. The conceptual result of this study was refined with additional experiments to better understand the sensitivity of the design, and allow for ease of construction of a demonstrator aircraft [1] .
A demonstration aircraft was constructed and tested as detailed in [2] . The potential for a 24hr flight was later demonstrated using a Hardware-in-the-Loop simulation (HiL) using the flight characteristics of the demonstration aircraft [6] . This simulation also included an operational fuel cell/motor setup, using a 300W PEM fuel cell stack(Horizon Fuel Cellls H300, Singapore), as opposed to using a fuel cell polarization curve as in the conceptual design study. The results are shown in Table 2 , with the efficiency of the consumed hydrogen to propeller output shown, and are compared with the current design and constructed aircraft.
III. Current Aircraft Design
For the 24 hr flight demonstrator aircraft under development at CSU, several lessons learned throughout the construction of the previous demonstrator aircraft were implemented. The first of these was in the selection of a premanufactured aircraft to use as the primary aerodynamic structure, rather than trying to manufacture an aircraft inhouse. The characteristics of this aircraft were input to the MATLAB optimization routine developed by Dr. Bradley, providing outputs of required fuel cell, motor, and propeller characteristics [1] . This provided a set-point for a maximum endurance powertrain configuration. Further studies were then performed with an enlarged design space for the FC/Propeller/Motor CAs, to determine the best setup using Commercial Off-the-Shelf (COTS) motors and propellers. Concurrently a PEM FC was developed at United Technologies Research Center (UTRC) for this aircraft based on specifications determined from the previous demonstration aircraft. As the FC characteristics were determined, further refining iterations of the optimization code were performed, both to better match the motor and propeller to the FC, and also to determine the expected aircraft performance. In the following sections, a more detailed breakdown of the physical development of the aircraft is presented.
A. Wing and Tail Assembly
For the aircraft primary structure the Blue Explorer Carbon sailplane was chosen, whose characteristics are shown in Table 1 . This has allowed for a shorter development time, while providing a high quality, aerodynamically efficient and stable wing to develop upon. To maintain the aircraft stability, care was taken to ensure that the center of gravity was maintained within the original margins beneath the quarter chord of the wing. The quarter chord refers to the position one quarter of the distance back from the leading to the trailing edges. The existing fastener attachment points were used to connect the wing to the carbon fiber spine via custom ASTM 6061 aluminum mounts. This carbon fiber spine is discussed in further detail below.
The wing, a three piece composite spar and skin structure, has eight internal servo motors controlling split ailerons, flaps, and spoilers. The airfoil is a modified HQW 2.5 for high lift at moderate speeds and low Reynolds numbers. The wing characteristics were determined sufficient based on the airfoil coefficient of lift(CL) and the wing area as compared with the previous demonstration aircraft and the Lift/Drag (L/D) ratio used in the computational design tool [6, 7] as well as the published metrics of the acceptable G-loading. To maximize the L/D at slow speeds and minimize the fuselage profile drag, the wing is held at a seven degree angle of attack (AoA) with respect to the datum of the fuselage.
The empennage of this aircraft was taken from the Blue Explorer sailplane mentioned above. It utilizes a traditional low-horizontal elevator configuration allowing for a similar application of previously developed autopilot flight controls. The rudder and elevator are controlled by separate servo motors located in front of the structural hydrogen tank. These are connected to their respective control surfaces via graphite control rods along the carbon fiber spine. The empennage assembly was bonded to the carbon fiber spine that extends from the fuselage structure using internal wood buttresses and epoxy, and finished to a smooth surface using lightweight filler. This maintained the necessary moments, while allowing more flexibility in the placement of other components.
B. Fuselage Structure
Due to the large cross-sectional area of the hydrogen storage tank, much of the fuselage shape was dictated by this tank. Acting as a skin between the internal components and the environment, a thin fiberglass shell was manufactured to enclose all components except the infrared sensors used by the autopilot telemetry. Due to the shape and size of the hydrogen storage tank, a 21 cm dia. cylindrical fuselage shape was used with conical shapes to transition from the nose to the tail. A one inch diameter hollow carbon fiber tube serves as the spine of the plane providing structural and mounting support along the full-length of the aircraft. The wings, servo motors, electronics, propeller motor and hydrogen storage tank are attached to this spine via ASTM 6061 lightweight aluminum brackets that were manufactured in-house. All critical mounting brackets were computationally tested against the design requirements using the finite element analysis (FEA) in the ProEngineer CAD suite.
C. Landing Gear
Due to the competing factors of size/stability, strength and weight, the landing gear has gone through a number of iterations. Though a skid plate will be used for landing during the 24 hr flight, a durable landing gear is necessary to provide repeatable initial testing. The landing gear final design has moved to a traditional tricycle configuration with a wide two-wheel base behind the center of gravity and a single wheel directly behind the propeller with steering controlled by the rudder servo motor. This configuration provides a lower AoA than in a taildragger configuration, this allows for increased acceleration during take off by reducing induced drag. It also provides sufficient stability and control for setup and runway operations. Thermopiles for horizon sensing on the pitch and roll axes of the aircraft. For the flight pattern and altitude control of the aircraft, a small uBlox LEA-5H GPS receiver is used. With the included transceiver system, waypoints and other commands can be given and performance data obtained from the aircraft throughout the flight.
The processing of sensor readings and outputting servo control is based on common PID control. The desired closed loop dynamics of flight are tuned by changing proportional, integral, and derivative gains in the autopilot software either permanently in the code or in flight using the ground station software. The critical core of the autopilot code, based in C, has been tested formally using Lustre.
The ground station interface for the autopilot runs in a Linux environment, and consists of a laptop running Ubuntu Linux with the Paparazzi Center software installed. With it we are able to keep track of vital characteristics of the plane including battery voltage, GPS signal, altitude, location, and autopilot mode (manual, wing leveling, fully autonomous). When a flight is executed, a satellite image of the current aircraft location and flight plan is loaded, and the software also records the flight for future playback.
An additional Digi XBee Pro 900 RPSMA transceiver onboard allows for very reliable and simple communication of the power system parameters throughout the flight. All components are powered primarily from the FC, via the power controller board, although the aircraft control system has a battery backup in the event of a failure of the power board, or the FC.
IV. Powerplant System Design

A. Fuel Cell Selection, Development and Characterization
PEM Fuel Cell
During conceptual design, multiple FC possibilities were considered, using off the shelf FC systems or a customdesigned FC system. From previous work detailing the power requirements [1, 6, 7] , an example system would be, two 300W Horizon fuel cell stacks at 3.5kg total weight, capable of providing 24 hour endurance and >500W power necessary for 100 m/min climb rate. However, the FC stack we will be using is a proprietary design developed by UTRC with lighter weight and greater efficiency than the afore mentioned example, a beneficial fit for this application. It operates at 600W at max power for the climb phase of the flight and 200W for cruise performance at a hydrogen utilization of 90%, as in the previous HiL test and demonstration aircraft [6, 7] . Notable for flight application is that it was developed with a lower weight than was originally expected, increasing our endurance significantly, largely due to UTRC's proprietary stack temperature and humidification management design.
Figure 4. Autopilot control board
The air supply for the fuel cell is provided by a Micronel U51DX 51mm High Performance Radial Blower. This fan is capable of a max flow of 16.7 CFM and max pressure of 4,900 Pa. This blower was chosen for its performance specifications, and low power usage, and weight. Airflow through the body of the aircraft will provide passive cooling for the electronics and the fuel cell temperature regulation
The power management controller for the fuel cell system is in development by our team at CSU. It provides control for the air and fuel utilization by measuring current and adjusting the air supply blower and the hydrogen purge rate according to preset parameters and flight control inputs. Also included on this board are thermal and pressure sensors to determine the health of the fuel cell while in flight, a data logger to record these details during the flight and a telemetry system for sending the readings back to the ground. Many of the features of the power management controller were included due to the results of a DFEMA completed by UTRC engineers and our team.
Hydrogen Storage
The hydrogen is stored in a 9L, 4.5 kg composite wound pressure vessel at 31 MPa (MCS International). Pressure regulation is provided by three stages of regulators as shown in Figure 4 . The first regulator drops the pressure from 5500 Psi to 500 Psi. Second stage regulator brings the pressure from 500 psi to 50 psi, and finally from 50 to 5 psi. The regulation of flow is controlled by the power management system discussed previously, with current tests showing maximum power at a flow rate of 8 L/min of hydrogen .
B. Propeller Selection
For the analysis of the propeller within the optimization code, vortex propeller theory based on the Goldstein equations was used, having been shown to compare well with experimental results of Bolly propellers and additions of correction factors for propellers with other airfoil shapes [1] . For the HiL test, the propeller configuration was based upon the Bolly 22x20 propeller and the Hacker C50-13XL motor. From the conceptual analysis it was found that larger diameter, higher pitch propellers operating at lower RPMs provided the greatest efficiencies [1] . For the preliminary battery flight tests, we are using an APC 24x12 E propeller, and will be using an APC 26x15E propeller for the 24 hr. flight test. This is a slight variation from the resulting combination 28.6x20 in. propeller as optimized to the UTRC fuel cell. This is due to product availability as well as a different gear ratio use than was planned originally with the Neu motors. There is also a potential for using a larger custom design propeller, but this remains to be determined, and will likely be a possibility for future iterations of this aircraft.
C. Motor Selection
The FC UAV is equipped with a different motor for battery test flights, in this case a Hacker A60-18L motor, an out-runner high-torque brushless motor. While it is heavier than the endurance flight motor, it is better suited to the COTS battery voltage as well as the rigors of initial flight tests. This setup will be replaced with a 3:1 planetary gearbox mounted to a Hacker C50-13XL motor for the final endurance flight, as it is lighter and matches more closely with the optimized system.
The success of an aircraft such as this has been shown to be largely dependent on the propulsive efficiency, determined by matching a the motor/propeller combination correctly with a given fuel cell power and airspeed [1] . To this end an expanded Design Of Experiment(DOE) was run using the Propeller, and Motor Analysis code in ModelCenter 8.0© using the FC input characteristics based on the UTRC FC.
V. Flight Test
As of this writing, the airframe had undergone battery flight attempts with calibration tests, further flights and the maximum endurance FC flight test planned for mid-summer. Current power predictions are exceeding the 24hr Figure 5 . FC powerplant system architecture flight goal by a significant margin as determined through simulations run at UTRC. A key element of testing done in an early prototype system for autopilot setup and testing, shows that the use of a autopilot in flying the plane at cruise can lead to a power usage of 60% less than human-piloted (RCcontrol) flights. Battery flights were performed using Lithium Polymer batteries connected for a maximum power flight time of 5 minutes.
Current flight testing is focused on achieving level flight for verifying the aircraft's general handling and stability characteristics. These experimental results will allow for tuning the autopilot controls and power consumption characteristics. Due to design iterations in the landing gear configuration and battery power consumption, these flights are scheduled for the first two weeks in May 2010. In Table 2 , a comparison of the aircraft under study is shown. While we are yet awaiting final flight results from this FC UAV, the simulation results are promising due to the clean airframe, and low weight maintained to this point.
A minimum of two successful test flights will be needed; the first to determine the aircrafts characteristics and then set the controller for optimal power and control scheme efficiencies, and the second to operate at optimal conditions and record data. This will be used to perform accurate lab tests and controller tuning on the fuel cell system before installation of the fuel cell in the aircraft.
VI. Conclusion
This aircraft project has been a great accomplishment as a component in a strategic program to develop Colorado State University's research in UAV powerplant design and optimization. Drawing from previous optimization research regarding 24 hour FC flight, and a more efficient airframe and fuel cell, the conceptual design study showed that a FC aircraft with 28 hrs of endurance was feasible. A primary goal of this research was achieved in the construction of this FC powered UAV in an academic setting, capable of endurance in excess of the conceptual design. The simulated, and soon to be proven, performance of this aircraft represents a significant increase in the maximum endurance commonly achieved from electric-powered aircraft. Evident from current market trends, the low noise and heat signature, and environmental impact of this type of aircraft position it very well for greater military and research use as endurances comparable to conventional combustion powerplants are fully realizable.
VII. Future Work
The performance of this aircraft is in agreement with the conceptual design work performed; however, further gains are possible as evident from the gains already realized as shown in Table 2 , considering the continually improving FC technology, as well as options beyond gaseous hydrogen storage. Gaseous hydrogen systems have a slightly higher specific power than existing boro-hydride systems [8] , however cryogenic systems have roughly 10 times the power density. One possibility for future work with this aircraft includes, creating an insulated tank system for use with cryogenic hydrogen, as we have spoken with some tank and specialized materials manufacturers about such an endeavor. Depending on funding developed, and interest from future students and external parties, more testing will be possible to investigate such a system, different power schemes, and flight envelope limits.
